Hypotension
Modifies Kenmotsu et al. 1974 ; Levesque at al. 1974 ; Merin et al. 1976 ; Ritzman et al. 1976 ) there seem to be few works performed on myocardial blood flow distribution during various depths of the anesthesia, especially in relation to graded hypotension induced by the anesthetic. We were deeply interested in observing coronary and systemic circulations during light to deep enflurane anesthesia, with particular reference to transmural blood flow distribution and oxygen balance in the left ventricular free wall. Estimation of the lower limit of safety range of hypotension during enflurane anesthesia from the view point of blood supply to the heart was one of the main subjects of the study. A microsphere injection method was used for the observation of blood flow distribution.
Validity of the indirect estimation of the balance between oxygen supply and demand in the left ventricular wall, especially that in subendocardium, by calculat ing DPTI/TTI (diastolic pressure time index/tension time index, Buckberg et al. 1972 ) and DPTI/SPTI (diastolic pressure time index/systolic pressure time index, Vincent et al. 1974 ) was also examined in the present study.
In addition, certain systolic time intervals (STI) were measured and calculated in order to evaluate their reliability and clinical applicability during enflurane anesthesia in the light of directly measured hemodynamics and myocardial contractility. Blood flow through the left coronary artery (LCBF), especially through the place where the electromagnetic flow probe was applied, passed mainly during the diastolic phase in a cardiac cycle as shown in Table 4 . Phasic shares of the left coronary blood flow were approximately 16% for systolic and 84% for diastolic as shown in Table 4 . The ratio of systolic/diastolic coronary flow did not change significantly and maintained essentially the same value as far as the left coronary artery was concerned. Statistical correlations between certain circulatory and metabolic parameters are summarized in Table 5 . Most of these data are from group 1. Data related to I/O ratio measured with the microsphere injection method are introduced from group 2. The upper half of the table is mainly related to myocardial oxygen consumption (MVo2) and its major determinants. Aortic pressure, heart rate, cardiac output, and left ventricular work showed significant positive correlations with MVo2. Among indicators thought to represent myocardial contractility of the left ventricle, the maximum ejection velocity (F max) showed the closest positive correlation with MVO2 although LV dp/dt max, V max, and dF/dt max also correlated fairly well with MVo2 during the course of enflurane inhalation. TABLE 5 . Correlations between two parameters related to hemodynamics, myocardial contractility and blood supply to the heart during the enflurane anesthesia MVO2, myocardial oxygen consumption; DPTI, diastolic pressure time index; TTI, tension time index; I/O ratio, ratio of subendocardial blood flow to subepicardial blood flow; ICT, isovolumic contraction time; PEP , preejection period; LVET, left ventricular ejection time; SV, stroke volume.
METHOD AND MATERIALS
A product of mean aortic pressure and heart rate (cardiac effort index) or systolic aortic pressure and heart rate showed a good positive correlation with MVo2 during the anesthesia.
MVo2 and the left coronary blood flow showed a very good correlation during the procedure.
Diastolic pressure time index (DPTI) and the left coronary blood flow (LCBF) correlated well with each other . Tension time index (TTI) showed a significant positive correlation with MVO 2. However, DPTI/TTI ratio did not show any significant correlation with LCBF/MVo e ratio during the anesthesia.
Correlations between I/O ratio measured with the microsphere injection method and its possible determinants or certain circulatory parameters are also shown in Table 5 . Except diastolic aortic pressure , all parameters including heart rate, DPTI/TTI ratio and diastolic LCBF/LCBF in a cardiac cycle did not show any significant correlation with I/O ratio during the course of anesthesia. Moreover, DPTI/TTI ratio did not correlate significantly with diastolic LCBF/LCBF in a cardiac cycle ratio.
Internally measured and calculated systolic time intervals (STI) showed various correlations with MVo2 and parameters representing cardiac functions. Isovolumic contraction time (ICT) as well as preejection period (PEP) inversely correlated with MVO, during the enflurane anesthesia. PEP showed negative correlations with LV dp/dt max and V max. Internally measured ICT and PEP showed a good correlation with each other. Left ventricular ejection time (LVET) did not show any significant correlation with stroke volume (SV) throughout the course of enflurane inhalation. Calculated 1 /PEP2 and LV dp/dt max correlated, while PEP/LVET and Lv dp/dt max inversely correlated with each other. /O ratio started to fall below 1.0. In 12 dogs of group 2 (n=8 at each measuring point of the microsphere study), diastolic pressure was near 40 mmHg in most animals at the end of 3% E inhalation as was so in group 1. After 3 hr successive inhalation of 2, 3 and 4% E for 1 hr each, diastolic pressure fell to a level of 30 mmHg in most animals. At this time point, I/O ratio became significantly less than that in the control state as shown in Fig. 1 and Table 4 .
Among determinig or influencing factors of the transmural blood flow distri bution pointed out by Lekven (1976) , aortic pressure and heart rate are thought to play essential roles. Although the correlation between I/O ratio and diastolic aortic pressure was not very close when all points of observation were taken into calculation as shown in Table 5 , a good positive correlation (r=0.88, p<0.001) was obtained if data only at the control and the end of the experiment were taken into account, in the present study. On the other hand, heart rate did not correlate significantly with I/O ratio during the time course of enflurane inhaltion. As heart rate was gradually reduced in parallel with the depth of the anesthesia, and as the reduced heart rate may be reflected on the duration of diastolic phase during T. Saitozet al.
each cardiac cycle resulting in its prolongation, I/O ratio may not be influenced by the reduction in heart rate. Rather a favorable effect could be expected from reduced heart rate.
The authors have reported on changes in I/O ratio during light to deep halothane anesthesia (Saito et al. 1977 ). The ratio was well maintained near 1.0 as was in the control state even after 3 hr successive inhalation of three different concentrations of halothane for 1 hr each (1, 1.5 and 2% halothane). During both halothane and enflurane anesthesias "autoregulation" seemed to be well preserved even in deep stages of anesthesia, provided that effective coronary perfusion pressure was maintained above a critical level either in the halothane or enfurane group. Once perfusion pressure fell below the critical level, subendocardial blood flow seemed to decrease steeply as the pressure fell. No sign of myocardial hypoxia was noted as far as blood gases and pH values were concerned as shown in Table 2 . The mean value of myocardial oxygen consumption at the deepest stage of the anesthesia in the present experiment (Table 2 ) was 28.1% of the control. Subendocardial blood flow at the same stage was 26.8% of the control in the mean value. Subendocardial hypoxia could not be produced with such a mild discrepancy between supply and demand of oxygen. We do not know whether enflurane anesthesia is "protective" against tissue hypoxia passively caused by lowered perfusion pressure. Several steps of investigation will be necessary before discussing the problem of protection. The instantaneous blood flow pattern through the left coronary artery did not change significantly, and the left coronary blood flow during the systole and diastole observed at the beginning of the same artery with the electromagnetic flow meter essentially maintained the same shares with the control values even in the deepest stage of enflurane anesthesia (Table 4) . Therefore, "flow pattern" could not be used as an indicator of change in blood flow distribution within the left ventricular wall during enflurane anesthesia.
Although reactive hyperemia was also mentioned as a good measure of the blood flow distribution (Buckberg et al. 1972 ), it was not observed in the present experiment in order to avoid possible artifacts to induce into the results.
During the time course of enflurane inhalation DPTI had correlated well with the left coronary blood flow (r=0.77, p<0.001) as shown in Table 5 . Myocardial oxygen consumption also correlated with TTI very well. DPTI and TTI themselves were thought to be good representatives of LCBF and MVo2, respectively, at least during the enflurane anesthesia. It is interesting to know that DPTI/TTI and LCBF/MVo2 ratios did not show any significant correlation with each other even when the relation between the two ratios was taken into account at two points of observation (control and the end of 4% E inhalation for 1 hr). When data at all points of observation were taken into calculation, no signifi cant correlation was noted between the two ratios, as was anticipated. DPTI/TTI ratio was reduced as enflurane anesthesia deepened, while LCBF/MVo2 ratio remained at essentially the same level throughout the course of enflurane inhaltion, as shown in Tables 2 and 4 . DPTI/TTI must be relied on as an indicator of balance between myocardial oxygen supply and demand only when a certain degree of myocardial hypoxia is suspected. As in the case of I/O ratio, DPTI/TTI larger than 0.8 does not seem to mean anything other than that there is a little possibility of myocardial hypoxia, either relative or absolute.
Internally measured preejection period (PEP), isovolumic contraction time (ICT) and left ventricular ejection time (LVET) were also correlated with parameters thought to relate to "myocardial contractility" and circulatory dynamics. As these parameters measured internally and externally were reported to correlate quite well with each other under various conditions (Martin et al. 1971 ), the authors have tried to find out correlations mentioned above. As shown in Table 3 , PEP and ICT were significantly prolonged from the control values by the inhalation of enflurane. The prolongation of ICT was more marked than that of PEP. PEP showed significant negative correlations with LV dp/dt max and V max as shown in Table 5 . Therefore, myocardial contractility was depressed as the anesthesia deepened and the depressed contractility was reflected on PEP and JOT resulting in their marked prolongations. Consequently, 1/PEP2 showed a good positive correlation with LV dp/dt max as well as with V max during th time course of enflurane inhalation. LVET, however, did not change significantly throughout the course of anesthesia. As the result, PEP/LVET changed in the same direction as PEP and ICT. LVET is considered to change in parallel with stroke volume, provided that preload, afterload, myocardial contractility and certain other parameters are maintained within range virtually similar to the control (Wayne 1973; Wexler and Pohost 1976) . During the course of enflurane anesthesia, aortic pressures, performance of the left ventricle and heart rate were depressed markedly and significantly in stepwise fashion as arterial enflurane concentration rose. Therefore, in spite of a marked and significant reduction in stroke volume from the control value during the anesthesia, LVET did not change significantly in the experiment. We assumed that among various systolic time intervals, PEP, ICT and other calculated parameters from them, especially 1/PEP2, are applicable and considerably useful for assessing or estimating cardiac performance during the anesthesia.
Myocardial oxygen consumption best correlated with maximum ejection velocity of the blood from the left ventricle throughout the course of enflurane anesthesia as shown in Table 5 (r=0.89, p<0.001). LV dp/dt max and the maximum acceleration of aortic blood (dF/dt max) also showed good positive correlations with MVo2. Mean aortic pressure, heart rate, cardiac output and left ventricular work correlated considerably well with MVo2 in the present experiment. Also left coronary blood flow changed almost completely in parallel with MV02 and it was proven that the change in demand (MV02) is promptly responded and supported by the change in supply (coronary blood flow) as far as the left ventricular myocardium is concerned.
It is interesting to know that a product of heart rate and mean aortic pressure (cardiac effort index) or heart rate and systolic aortic pressure is a good representative of MVo2 during enflurane anesthesia, too, and that these calculated values may be quite useful for approximating MVo2 during daily clinical anesthesia, without using any special apparatus or skilled hands. Above all, the authors have concluded that uniform blood flow within the left ventricular free wall and a balance between demand and supply of oxygen in myocardium are thought to be well maintained through light to deep enflurane anesthesia, provided that effective coronary perfusion pressure is maintained above 30-35 mmHg and extreme tachycardia is avoided.
